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Uramum Isotopes Distribution 1n Soils at the Rocky Flats Plant, Colorado

M lggy Litaor*

ABSTRACT

Souls east of Rocky Flats Plant (RFP) near Golden, CO. are contamus-
nated with U as a result of past waste-storage practices, accidental
release of otls laden with U, and low-level mirborne emussions A
spatial analysis of three U isotopes was conducted to determine the
concentration and distribution pattern of U contamination Soils were
sampied from 118 plots of 1 01- or 4 05-ha by compositing 25 evenls
spaced samples from the top 0 64 cm Uramum-234 sctivity ranged
from 259 to 92 8 Bq kg~’, U-235 activity ranged from 0 1 to 25 1
Bq kg-', whereas U-238 activity ranged from 30 7 kg~' to 286 Bq
kg~' Geostatistical techmques were used to model the spatial depen-
dency and construct isopleth maps showing U isotope distributions
Spatial correlation was pot observed for U-234 This imphes that
U-234 1s randomly distributed in the soil environment east of RFP
Uranium-235 exhubited a spotty and localized concentration pattern
with no clear relationship between known burial and spill sites, and
the present distribution of U-235 in the soils Proposed wvind-dispersal
mechanisms were not consistent with the spatial distribution of U
1sotopes Most of the observed activities of U-234 and U-235 were well
within the natural range of U isotopes in soils The lack of similaritv
in spausl distribution between Pu-239 + 240 and U isotopes probabiy
resuited from the higher solubility and leachabilitv of U isotopes
compared with Pu-239 + 240 in the sou svstem Although U-238 exhib-
ited a pattern of localized spatial distribution, most of its observed
activity was well within the natural range of U-238 activity in soils

RANIUM CONTAMINATION of several sites at Rocky

Flats Plant (RFP), near Golden, CO, 1s the result
of accidental releases of contaminated oils from drums
stored 1n an outside storage area, U contaminated materi-
als buned 1n shallow trenches, and airborne release of
U 1sotopes An unknown amount of U contamnated oils
leaked from the drums stored at the former storage site
locally known as the 903 Pad (Fig 1) A conservauve
estimate based on data from Seed et al (1971) suggested
that at least 31 kg of U were released at this site
Approximately 1400 drums of depleted and enniched U
were buried 1n the mound site (Fig 1) These drums were
removed and shipped offsite during a cleanup operation 1n
1969 The o1l burn pit was used 1in 1957 and from 1961
to 1965 to burn 1082 drums of o1l contarmnated with
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U The o1l burn pit was excavated and the drums were
shipped offsite Large volumes of depleted U chips and
solid and o1 waste were buried in the East Trenches
(see Fig 1) Approximately 25000 kg of depleted U
chips and 125 000 kg of sanitary sewage sludge contami-
nated with U are burted 1n these trenches (Illsley, 1983)

The Environmental Impact Statement for RFP sug-
gested that as much as 10°® Bq measured as alpha from
U-238 processing areas and 108 18 Bq measured as alpha
from U-235 processing areas were released to the air
between 1957 and 1977 Advancement in air effluent filter
technology, introduced in 1970, reduced the airbome
emussion of U 1sotopes to <1082 Bq yr~! (Department
of Energy, 1980)

Despite the leakage of U-contaminated oils, the numer-
ous bunal sites of U-contaminated drums, and the atmo-
spheric release of U isotopes, the magnitude and the
extent of U dispersion n the soil environment around
RFP has not previously been determined Moreover,
there 1s no informauon regarding the U 1sotopic compos»-
uon and the actual U concentrations in the ou that leaked
from the barrels in the former storage site, the santary
sewage sludge, and the air releases from the processing
areas The impact of the U releases by RFP activiues on
the soul environment 1s also complicated by the natural
abundance and vanable content of U munerals in and around
RFP, and the close proximty of the Schwartzwalder Ura-
mum mine (6 4 km southwest of the plant) This mine
ts the largest vemn-type producer of U ore in Colorado,
and ranks among the six largest of this type in the USA

The chemical toxicity of U has been a pnimary concern
in estabhishing control limits and procedures Uranmum
1s chemically toxic to kidneys, and high exposure to
soluble compounds can result in renal injury Insoluble
U compounds are carcinogemc and tend to concentrate
i the lungs when inhaled, and in the bone when ngested
(Department of Energy, 1988)

The goal of this study was to provide information on
the distnibution of U 1sotopes 1n soils east of RFP for
the purpose of nisk assessment This work supports the
remedial investigations and feasibility studies (RI/FS) at

Abbreviations RFP Rocky Flats Plant RI/FS remedial investigations
and feasibihity studies AR activity rano CDH Colorasdo Department of
Health RPD relauve percent difference MSE mean square error
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Fig 1 The location of individusl hazardous substances sites containing U-contaminated drums and oils, the east spray field, and the study soil
pits (1-12) The Rock Creek beckground study site is upwind and upsiope from Rocky Flats

RFP The objectives of this study were (1) to assess the
spatial distribution of U-234, U-235, and U-238 1n souls
around RFP, and (u) to determune the contribuuion of
RFP to the magnitude and extent of U i1sotopes wn the
soil environment

URANIUM GEOCHEMISTRY

The natural abundance of the three primary U 1sotopes
are U-234,0005%, U-235,0 72%, and U-238, 99 273%
(Hess et al , 1985) The three pnmary U isotopes emit
alpha (a) radiation and produce a long decay senes of
progeny The weapon-production faciity at RFP pro-
cessed ennched and depleted U. The specific acivity
and relative weights of the three isotopes in natural,
ennched, and depleted U are summanzed in Tabie 1

The U 1sotopes are commonly found 1n rocks such
as granite, metamorphic rocks, lignites, shales, and
phosphate deposits (Fairbnidge, 1972) The most com-
mon minerals are uramnte (UO;), carnotite [K2(UO,):-
(VOq),], and pitchblende (variety of UO;)

Table 1 lsotopic abundances 1n natural, enriched, and depleted
U

Uranum Relative Specific Relative
1s0topes weght actmtyt activityt
g kg ————Bekg ————
Natural
U-234 0054 1 1E-§ 6 1E-10
U-238 7204 S SE-7 3 9E-9
U-238 992 757 1 2E-5 12E-5
Ennched
U-234 03 0 001 2 1E-8
U-235 296 2 3E-6 6 6E-8
U-238 970 1 11E-§ 1 1E-$
U-234 0 005 1 1E6 S SE-12
U-235 2 1 8E.7 4 4E-10
U-238 9715 12E-§ 1 1E-§
Pu-239 937 9% 229 215

1 Specific actvity = 3/t,; x atoouc mass), where A = decay constant
gys:‘mmyr) Half-hife of U wotopes were taken from Frnedlander et al.
1)
1 Relative activity = relative werght x specific activity
§ Plutonium used in RFP
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Table 2 Geostatistical parameters of U.234

Summary statistics (n = 118)

Bq kg~' in(Bq kg~" Bg kg "' IniBg kg~ "
Lowest value 259 32 75th % 518 Yo
25th % 370 36 Highest value 1290 4 f
Medan 44 37 Skewness 70 3 42
Vanance 1t 24 hurtosis 2479 §s
Indicator varogram and model parameters
Lag class Mean distance Semivanance Pairs
m
) 3299 035 s4
2 649 4 029 m
3 1020 4 039 . 307
4 1402 4 037 398
s 18150 033 410
6 2203.3 033 488
7 2649 6 03 429
] 2973 7 038 62
9 3386 4 033 494
10 38206 037 41l
The variogram for U-234 exhubited s complete nugget effect
In the soil environment, U species are found mainly METHODS

in three oxidation states U(IV), U(V), and U(V]I) Under
most reducing condiuons, U(IV) species tend to precipi-
tate as insoluble uraninite Under most oxidizing condi-
uon U(VI) complexes are more stable than U(IV) and
U(V) species An increase n oxidation state increases
the mobility of U in the soil system (Langmuir, 1978)

The secular equilibrium between a radioactive parent
(U-238) and a radioactive daughter (U-234) suggests that
the activity rauo (AR) between these two 1sotopes should
be 1 0 However, large deviations from this activity
ratio have been reported in soils, surface water, and
groundwater (Osmond and Cowart, 1976, Laul and
Smuth 1988) Selective leaching, diffusion. and alpha-
recoll mechamisms were proposed to explan the higher
mobility of U-234 compared with U-238 in different
media

The historical releases of depleted and enniched U
provided an excellent opportunity to use the AR concept
to ascertain the impact of RFP activity on the soil environ-
ment Hence, the spaual analysis of U n soils included
measurement of the three natural occurring 1sotopes, and
analysis of their ratios

Field Sampling

The sampling protocoi for U 234 U 235 and U 238 acuwvi-
ties 1n soils around RFP followed the rauonale and density of
sampling as described for Pu-239 + 240 1n soils (Litaor  1995)
The sampling protocol requires 25 equally spaced subsamples
to be composited within 4 05- or 1 01-ha plots for U 1sotopes
analvsis The soil at each individual location was sampled wrth
a Colorado Department of Health (CDH) sampler The sampler
was designed to obtain a sample from the soil surface to a
depth of 6 4 mm, and from an area 50 mm wide by 60 mm
long Sampling of the top 6 4 mm of the soil may be difficult
especially 1n stony soils The use of this technique was advo-
cated by CDH because of the sermiand conditions 1n eastern
Colorado that increased the potenual for wind-resuspension
and subsequent inhalation of soil particles containing U from
the topsoil The southwest corner of each plot was located by
survey and 1dentified with an appropnately marked steel post
The 25 subsamples for the composite sample were located
with a hand-held compass and tape measure using the south-
west corner as the starting point Eighty-four 4 05-ha plots
and 34 1 Ol-ha plots were sampled for a total of 118 plots
(Fig D

The most common soils 1n the study site were recently
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Fig 2 Cumulstive distribution of U isotopes.
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classified as Cumulic Haplustolls Andic Argustolls Pachic
Argiustolls Torrertic Haplustolls Tormfluventic Haplustolls
Veruc Ustochrepts Typic Usufluvents and Andic Haplustaifs
(Luaor et al  1994)

Laboratory Analysis

The U 1sotopic activity in the soil samples was measured
by alpha spectroscopy in several commercial laboratories
These laboratones reported U-234 as U-233+234 However
the natural occurring 1sotope U-234 1s the dominant component
especially in RFP where U-233 has been scarcely used The
soil samples were digested using a microwave dissolution
procedure (Lamothe et al , 1986 Fischer, 1986) Each sample
was dissolved and digested twice with 10 mL of 8 M HCI
The U 1sotopes 1n the samples were separated from Po by
spontaneous deposition on a copper disk, from Th and Pb bv
amon exchange column in highly acidic solution (8 M HC
and from Fe by amon exchange column i 8 M HNO, solution
The U was eluted from the anion exchange column with an
acidic solution (1 ¢ , pH = 1) and the sample was electroplated
for alpha spectrometry

Data Quality

Duplicate sotl samples were collected systematically across
the study site Precision was quantified by calculaung the
relative percent difference (RPD) A control hmit of +35%
for the RPD 1n laboratory duplicate analysis was recommended
by the laboratory data vaiidation guideline drafted by USEPA
in 1988 There 1s no estabhished cntena for the overall soil
sampling and laboratory precision analysis This 1s because
of the large vanability of metals distnbution in sois Indeed
the RPD values for all duplicate samples ranged from 2 42 to
17 86% It should be noted, however that the highest value
mn cach duplicate samples was used 1n this study

Geostatistical Approach

The first step taken 1in modeliing the spatally correlated
data was to ascentain the data distnbution and munimuze the

Table 3. Geostatisical parameters of U-235

spread of the data using appropnate transformations A mov-
ing-window staustical algonthm was used (Murray and Baker
1991) to assess the heteroscedastucity (unequal variances in
condiional distributions) of the data The expenmental semiva
riogram calculations and the best-fit model were developed
using GS+ software (Gamma Design 1991) and GEO-EAS
program (Englund and Sparks 1988) for simple and ordinary
knging and GSLIB for the indicator vanogram (Deutsch and
Jourmel 1992) Cross-vahdation analysis and simple and ords-
narv kriging computations were performed using the GEO-EAS
program The umversal kriging for three orders of dnft was
computed using a modified UVKBLK algonthm onginally

descnibed by Carr (1990) The modification included universal

block knging five different tvpes of sermvariogram models
and enhancements of input-output options

The mean square error (MSE) summary statistic was used
to descnbe the bias and the spread of the error distribution
(Bregt et al , 1991) The MSE from the kriging estimates was
defined as

MSE = l/n 3 [z. — 2] (1]
=}
where 2, 1s the observed value and Z 1s the esumated value
The knging technique that gave the lowest MSE the most
evenly distributed error map and the smallest scanter of the
observed vs the estimated plot was used for U isotopic estima-
tion

RESULTS AND DISCUSSION
Uranium-234

Uranium-234 activity in soils around RFP ranged from
259 t0 92 8 Bq kg~', with a median acuvity of 44 4
Bq kg™' Most spaual esumauon techmiques perform
better 1f the distnibution of data 1s close to a normal
distribution The data were transformed using a in(Y1)
function, however, there was little improvement 1n the
measures of spread (e g, skewness, see Table 2 and
Fig 2) Because the natural log transformation of the

Summary statistics (n = 118)

Bq kg~! In(Bq kg~ ")
Lowest value 01 -19
25th % 11 01
Median 18 06
Varfance 03 -1.2
Semivariogram & Model Parameters
Lag class Mean distance Semsvanance
m
1 3935 0 0047
2 7989 0 0065
3 13281 0 0096
4 18150 0013
s 22167 0012
6 T2 0012
7 32751 0010
Nugget Si
Exponential 012 061
Mean square error (MSE) of the five knging procedures
MSE
Ordwnary kriging 072
Sumple kriging on
Umversal kriging (ki = 1) o™
Universal knging (k = 2) 0 66
Umuversal kriging (k = 3) 056

Bq kg-' In(Bq kg~")
75th % 33 12
Highest vaiue %1 32
Skewness 1291 48
Kurtosis 717 4 6.5
Pars
101
394
532
410
523
648
476
Range, m RSSt r
1487 0 0006 099

+ RSS = reduced sum of squares.
$ k represents order of drift.
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U-234 data did hittle to reduce the measures of spread
the nonparametric median indicator variogram discussed
by Isaaks and Srivastava (1989) and Deutsch and Journe'
(1992) was used to assess the spaual distribution of
U-234

A spatal structure was not observed with the U-234
data (Table 2), hence, a spatial estimation was not per-
formed and an i1sopleth map of U-234 was not produced
The lack of spaual structure suggests that U-234 1s ran-
domly distributed in the soil environment east of RFP
This randomness reflects mherent irregular vanation of
U-234 dispersion n the soil that cannot be predicted by
this sampling method Alternatively, it may represent
the variability between sampling plots at distance less
than that actually used, or samplies collected from duffer-

§

ent populations (natural vs 1mpacted due to RFP activ-
iry) On the basis of the available intormanon (Table 2)
the contrioution of RFP to the acuvity of U-234 1n these

soils was neghgible

Uramum-235

Uramum-2335 acuvity 1n soils around RFP ranged from
0110251 Bqkg ' with a median activity of | 8 Bq
kg™' The data were transformed using a In(Y1) function
that reduced significantly the skewness and kurtosis (Ta-
ble 3 and Fig 2) A moving-window analysis showed
that the window standard deviauon of the transformed
data of U-235 and U-238 increased shghtly with increas-
ing window mean Thus, a universal knging procedure
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that can generate good local esumation in the presence
of a trend was employed

Uranum-235 was best described by an exponential
model that had the lowest reduced-sum-of-squares and
the highest correlation coefficient of all models tested
(Table 3) Third-order umversal kriging gave the lowest
MSE value for U-235 data, followed by simple and
ordinary kniging (Table 3) The difference in MSE be-
tween umiversal kriging and ordinary knging was fairly
small and, except for two pairs of observed vs estiumated
values, the scatter of the kniging error was the same
On the basis of the MSE value, the universal knging
with cubic dnft was used to esumate U-235 activity in
soils around RFP

The third-order universal kriging was performed using
the lognormal data for U-235 Transforming the logarith-
mic knging estimates back to the ongmal scale gave
esumates of median acuviues Thus, to back-transform
the data to the original unit of activities 1n terms of mean
activities, the following equation was employed (Gulbert
and Simpson, 1985)

o= e;u.ywuzozm [2]

where z, 1s the back-transform value for a given site, y,
1s the log-knged esumate, and k1 1s the kniging vanance
of the log-transformed data

The resulung U-235 contour map (Fig 3) does not
show the same clear west-east pattern of dispersion as
those for Pu-239+240 and Am-241 (Litaor, 1995) The
acuvity of U-235 was localized, approximately 500 m
east of the industnal section of RFP (Fig 3) There was
no clear relanonship between the various sources of
U-235 contamination considered in the present study

Table 4 Geostatistical parameters of U-238

(1 e bunal trenches and the leaking drums site see Fig
1) and the spanal pattern of the U-235 1sopleths

The two soil plots with the highest U-235 acuvity
(Fig 3) were probably resulted from surface flow and
interflow from the east spray field (see Fig 1) The east
sprav field received large amount of irmgation water
from a series of holding ponds that between 1952 and
1979 received laundry waste water containing actimdes
Surface fiow and interflow from the east spray field was
observed n the vicinity of these piots (J P Koffer, 1994,
personal communication) Moreover, ephemeral wetland
and seeps also resulted from this practice The level of
U-235 1n the ymgation water 1s unknown, however,
small amounts of U-235 were observed in sedument and
surface water collected from these holding ponds 1n 1992
(Efurd et al 1993) It was hypothesized that the small
amounts of U-235 in the ponds water were reconcentrated
on the so1l surface of these two plots through the continu-
ous irngation and subsequent evapotranspiration

Uranium-238

Uranmium-238 activity 1n soils around RFP ranged from
30 7 to 286 Bq kg~', with a median activity of 44 4 Bq
kg™' The data were transformed using a In(Y1) function
that only shghtly reduced the skewness and kurtosis
(Table 4 and Fig 2) Hence, the traditional variogram
and the nonparametric median indicator variogram
(Deutsch and Journel, 1992) were used to assess the
spanial distribution of U-238

Uranium-238 was best described by a spherical model
that had the lowest reduced sum of squares and the
highest correlation coefficient (Table 4) In contrast to
U-235, simple and ordinary knging (with traditional and

Summary statistics (n = 118)

Bq kg~' In(Bq kg~")
Lowest value 296 34
25th % 407 37
Median “4 37
Vanance 370 36
Sequvanogram and model parameters
Lag class Mean distance Semivanance
m
1 3954 0030
2 7979 0034
3 13374 0055
4 1823 0 0070
s 22192 0073
6 2774 4 om
7 12819 0078
8 3758 7 0 089
9 4230.3 0082
10 47341 0 058
Nugget Sill
Sphencal o0 0a7
Mean square error (MSE) of the five kriging procedures
MSE
Ordwnary knging 010
Sunple kngmg 010
Universal knging (kt = 1) 012
Universal kriging (k = 2) 010
Universal knging (k = 3) 010

-

Bq kg~* In(Bq kg~')

75th % 629 41
Highest value 284 9 56
Skewness 1480 49
Kurtoss 843 6~ 67

Pairs

n

343

460

350

452

s

434

487

471

414

Range m RSSt r
2100 0 0003 09%

1 RSS = reduced sum of squares.
$ k represents order of dnft.
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median indicator variogram) gave the jowest MSE value
for U-238, followed by third-order umiversal knging
(Table 4) Ordinary knging was performed using the
lognormal data for U-238 Back-transformation of the
dau to the original umit of acuvity before the map con-
strucuon was performed using Eq (3] The resulung
U-238 contour map (Fig 4) does not show a clear west-
cast dispersion pattern like those of Pu-239+240 and
Am-241 (Litaor, 1995) The highest observed acuvities
of U-238 were found around the former storage site
(Fig 4), however, these values did not extend beyond
the immediate vicimty of that site  Plutonium-239 +240
actvity 1n the soil just east of the storage site was at
least 200 umes higher than U-238 acuvity, although at
least 31 kg of U-238 were released compared with only

86 g of Pu-239+240 (see Seed et al  1971) Thus dispar-
sty resulted from the relauve short haif-ife of Pu-239
(a = 241 x 10* yr) compared with U-238 (1, =
4 47 x 10° yr} A comparison between the specific and
relative activity of Pu-239 used in RFP and U-238 clearly
demonstrates the difference between these 1sotopes on
acuvity basis (see Table 1) However the complete lach
of simylarity in the spatial distribution across the soilscape
near the former storage site could be explained by funda-
mental differences 1n solubility characterisucs of these
radionuchdes that n turn affeets their mode of disper-
sion 1n the environment Plutonium 1s largely insoluble
in the soil environment hence upon removal of the
drums during the cleanup operations the impacted area
became suscepuble 1o wind and surtace erosion Conse-
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Table § Phvsical and chemical attrbutes of selected soils near the former storage site

321

Organic Fe
Honzont Depth pH matter CaCoO. CEC oxides Sand Sut Clav
cm g kg-! k kg~! cmol kg~' mg kg ™' %
Pu-7
A 0-2 70 57 1 99 4 850 830 95 73
C 2-13 66 9 1 36 5430 90 4 40 56
2Bwb 13-39 73 4 1 194 8 040 54 0 19§ 265
2B1d 39-84 66 2 1 324 12 800 48 1 54 465
2Bk 84+ 81 1 291 177 4080 ‘632 101 267
Pi-8
A 0-3 77 24 ] 116 4950 831 83 86
C 3-16 83 13 1 178 $250 847 69 84
2Bwbl 16-32 83 39 12 231 6 560 65 6 146 198
2Bwb2 32-50 82 45 242 254 4330 48 § 25 S 260
2BmkIVd 50-105 81 10 369 157 1 880 673 102 226
2CKkID 105 + 82 1 77 112 5 000 813 53 133
Pus 1-5 n KS
cm h™!
A 0-18 25 139+ 56
Bt 30-55 19 40 + 40

+ The onginal topsod was removed bv an earth grader dunng the cleanup operations tn 1969 The entire area was covered by alluvial sand on wihuch the

A and C horizons are currently developed

- PIT 5 PIT 4
Pl 8 Elev [1812 1m| | Elev [1808 3m| — 5773

Elev 118201 Pu-239| 16169 Pu—239( 16132

Elev 11807.5m

Pu-—238: 77589 | iam—241 1591 | lAm—-241 2738

Pu-239] B325 PIT 2

PIT_9
Elev_ 11798 am
P -239] 5608 PIT 11 \ GOrn
Am-241 666 :";39 '719907;"] —~
U=234 u=
5 52 Am-241__ 328 ‘
Goi3Bl 2] jus234 87
u-235 2
U-238] 60

Am—241 26122 | [y-23a] 56 | [U-234] 42 Eiev 17306 0m
i:__z_‘}il_._‘ig_ U-235 2 | |U=235 2 ?Jn:_;é;’; 132? Py-239 370‘74 PiIT J
u-z35, 41 ) [U-238l 65 (u-2381 83 | 15ooa Am—241 1135 | LElev_ [1802 5m)
u-238] 278 Z [U=23a] a4 | [Pu-238 3367
28 107535 > [Am=221_ 563
U=238] 53 | ju=234] 36
U-23% 2

PiT 12

tlev 1809 2~

Pu-239] 8912

Am—241 644

Uu-234 30
U-235 2
U-238 S0

Fig 5 The activities of Pu-239/240, Am-241, and U-238 at vanous elevations, distances, and directions from the former storage site (units are

in Bq kg-*)
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quendy, Pu parucles entrapped in the fine fracuon of
the topsoll were airlifted by winds and subsequently
deposited across the soilscape east of the former storage
area In contrast, under the pH and alkalinity conditions
of the soil adjacent to the former storage site, U(V])
may form complex 1ons with carbonates and mugrate
downward in the soil column Indeed, Seed etal (1971)
idenufied four hor spots below the asphalt cap that has
been placed over the entire area of the former storage
site They retneved >31 kg of U below this cap Most
of the U was concentrated above the B honizon located
15 t0 40 cm below the onginal ground level

The U-bearing solvents that leaked from the barrels
infiltrated through the A and Bw honzons, but were
retarded by the 2Btb horizon due to 1ts higher clay content
(Table S), and the 2BmkIVb honzon because of its
impermeable structure Sawrated hydraulic conductvity
data taken from five pits at a nearby site (Pits 1-5, sec
Fig 1) showed that the conductivity of the A honzon
was significantly greater than that of Bt horizon (Table 5)
Increased clay content with depth decreased the hydraulic
conducuvity 1n the soils These flow conditions facihitated
the transport of U through the surface honzons but
greatly restrnicted the transport to greater depths (>1 m)
The mobility of U was probably further restncted due
to sorption of U by the sesquioxides and CaCO; minerals
Because of the solubihity and mugratory behavior of U
in the soil system, hitle U was entrapped 1n the fine
parucles of the topsoil Hence, wind-dispersal mecha-
msms did not influence the spatial distnbution of U
1sotopes across the soilscape cast of the former storage
site

To test the solubility-transport mechanism, proposed
for the U 1sotopes and compared with the wind-dispersal
mechanism proposed for dispersion of Pu-239+240,
eight pits were excavated east of the former storage
area (see Fig 1) and analyzed for the activity of these
acumdes The activity of Pu-239+240 and Am-241 in
the top 9 cm of the soil was highly dependent on the
postion and altutude across the toposequence (Fig 5)

The highest activity of Pu-239 + 240 was observed imme-
diately east of the former storage site, followed by the
sou pit below the topographic break of the alluvial terrace
on which the former storage area was located A profound
decrease 1n Pu-239+240 and Am-24]1 was observed
along the 150 m transect (Fig 5) This trend demonstrates
that the activity of Pu-239+240 and Am-241 1n the soil
environment 1s highly dependent on elevation, distance,
and direction from the former storage area This spatial
distnbution could only be explained by a wind dispersal
mechamsm On the other hand, U 1sotopic activities were
randomly distnbuted in these pits with no relationship
to geomorphic parameters (1 e , distance, elevation, and
direction from the former storage site) This finding
strongly supports the hypothesis that U solubility and
mugration charactenstics munumzed U dispersal by wind

. across the soiscape east of the former storage area

Isotopic Ratios

The nawrally occurnng U-235 and U-238 are long-
lived 1sotopes (fiz = 071 x-10° yr and 4 47 x 10°
yr, respecuvely) formed i a primary stellar nuclear
synthesis process The mnor difference 1n mass between
U-235 and U-238 precludes sigmificant 1sotopic fracuion-
ation effects by natural processes, and the U-235/U-238
abundance rauo 1s everywhere the same, 0 045 Indeed,
Rosholt et al (1966) found that the isotopic rauo of
U-235/U-238 was constant, regardless of samphing loca-
uon, rock type, and degree of weathering Hence, any
deviation from 0 045 attests to a sosl impacted by human
acuvity The scatter plot of U-235/U-238 ratio against
U-238 activity (Fig 6a) indicates that some of the soil
samples were affected by enriched U-235 However, the
large analytical error associated with the determmation
of U-235 m soils (not shown) made the interpretation
of the U-235/U-238 ratio and 1its spatial distribution
difficult

The third naturally occurnng U 1sotope, U-234, 1s
relauvely short-lived (1,2 = 248000 yr) It 1s a decay

(3
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Table 6 Background activities of U 1sotopes 1n soils

No of Arnithmetic mean
Uranum isotopes samples Range and SD
Bq kg~!

US avg?

U-238 38§ 4 4-140 370+ 307
Coloradot

U-238 2 17 3-111 “4t 336
Rock Creekt

U-238 21 29 6-56 416+73

U-23§ 21 0 4-5 2013

U-234 21 28 5-54 419 + 64

t Suatistics were taken from Mvnck et al (1983)
$ Stanstics compiled from a Rock Creek studv west of RFP (see Fig 1)
considered to be unafiected from RFP acuvity

product of U-238, through a sequence of intermediate,
short-lived radionuclides, Th-234 and Pa-234 Hence,
the abundance of U-234 1n the soil system 1s determined
by the amount of U-238 As discussed earhier, secular
equiibnum predicts an acuvity rauo (AR) of 10 for
the two 1sotopes Large deviauons from this AR were
observed 1n stream and groundwaters in many locations
around the world (Osmond and Cowart 1976 Laul and
Smuth, 1988) The vanauons in U-234/U-238 ratio found
mn the soils under study were well within the naturally
occurring range of vanauon (Fig 6b) Thus, the U-234/
U-238 rato cannot be used to ascenain the wmpact of
RFP acuvity on the soil system

In conclusion, resuits of the current study indicate that
the spaual distnbution of U 1sotopes across the sotiscape
east of RFP 1s localized and does not follow the west-
east plume observed for Pu-239+ 240 and Am-241 Ura-
nium-234 1s randomly distnibuted in the soil environment
The observed activitues of U-234 and most U-235 were
well within the natural range of U 1sotopes in soils (Table
6) Uranmum-238 showed only a localized spatial pattern
and most of 1ts observed activity lies well within the
natural levels of U in sods (Table 6) These results
suggest that the mmpact of RFP on U distribution mn
surficial soil 1s hrmited  Hence, future remedial acuvities
of U-1sotopes 1n sous should focus on the directly um-
pacted areas such as the East Trenches, the former storage
site, and the few plots with elevated (1 ¢ , above back-
ground) U activities

ACKNOWLEDGMENTS

I thank Dr M Siders and Dr L Woods for their crniucal
review of an earlier version of this report [ thank R Boan and
E K Dovala for their help in programming and modification of
exsung codes

REFERENCES

Bregt AK A B McBratney, and M CS Wopereis 1991 Con-
struction of 1solincar maps of soU annbutes with empirical confi
dence himits Soil Sci Soc Am J 55 14-19

Carr JR 1990 UVKRIG A Fortran-77 program for universal
knging Comp Geosci 16 211-236

<
-

LITAOR URANIUM ISOTOPES DISTRIBUTION IN SOILS 323

Depantment of Energy 1980 Final environmental impact statement
Rocky Flats Plant Sue Golden Colorado DOE/EIS-0064 U S
Dep of Energy Washington DC

Depaniment of Energy 1988 Health phvsics manual of good practices
for uramum facilies DOES88-013620 US Dep of Energy
Washington DC

Deutsch CV and A G Joumnel 1992 GSLIB Geostaustical soft
ware library and users guide Oxford Univ Press New York

Efurd DW DJ Rokop and RE Permn 1993 Charactenization
of the radioactivity 1n surface-waters and sediments coliected at
the Rockv Flats facthty LA-UR 934373 Los Alamos National
Lab Los Alamos NM

Englund E and A Sparks 1988 GEO EAS geostaustical environ
mental assessment software users guide USEPA Rep 600/4-88/
033 USEPA Environ Monitonng Systems Lab Las Vegas NV

Fairbnidge R W 1972 The encvciopedia of geochemistry and enwvi
ronmental sciences Vol 4A p 1215-1228 Van Nostrand Rein
hold Co New York

Fischer L B 1986 Microwave dissolution of geologic matenals
Apphication to 1sotope dilution analysis Anal Chem 58 261-263

Fnedlander G J W Kennedy E S Macias andJ M Muier 1981
Nuclear and radiochemustry 3rd ed John Wiley & Sons New
York

Gamma Design 1991 Geostaustics for the agronomic and biological
sciences Version 2 0 Gamma Design Inc  Plainwell Ml

Gibert RO andJ C Simpson 1985 Knging for esiumating spatial
pattern of contamunants Potenual and problems Environ Monut
Assess 5 113-135

Hess CT J Michel TR Horon HM Pnchard and W A
Comgho 1985 The occurrence of radioactivity in pubhc water
supplies in the Umited States Health Phys 48 553-586

Distey C T 1983 Environmental inventory-updated information on
bunal sues at Rocky Flats Intemnal Doc EA-321-83-240, 28 Jan
1983 Rockwell Int Golden CO

Isaaks EH ,and R M Snvastava 1989 An introducuon to apphed
geostaustics Oxford Umv Press New York

Lamothe PJ TL Frnies and JJ Consul 1986 Evaluation of 2
microwave oven system for the dissolution of geologic samples
Anal Chem 58 1881-1886

Langmuir D 1978 Uranuum solution-runeral equilibna at low tem
peratures with apphications to sedimentary ore deposits Geochim
Cosmochim  Acta 42 547-569

Laul JC and MR Smuth 1988 Disequiibrium studv of natural
radionuchdes of uramum and thonum senes in cores and briny
groundwaters from Palo Duro basin Texas Radioact Waste Man
age Nucl Fuel Cycle 11 169-225

Litaor M1 1995 Spaual analys:s of plutonium 239+ 240 and amen
ciuum-241 1n soils around Rocky Flats Colorado J Environ Qual
24 (in press) -

Lnaor M1 ML Thompson G R Barth and P C Molzer 1994
Plutonium 2394240 and amencium 241 in sods east of Rocky
Flats Colorado J Environ Qual 23 1231-1239

Murray MR and D E Baker 1991 MWINDOW Aninteractive
Fortran-77 program for calculating moving-window statistics

Geosc: 17 423-439

Mynck TE B A Berven and F F Haywood 1983 Determunation
of concentrauons of seiected radionuchides 1n surface sou 1n the
U S Health Phys 45 631-642

Osmond J K andJ B Cowan {976 The theory and uses of natural
uranum isotopic vanauons in hydrology Atom Energy Rev 14
621-679

Rosholt JN BR Doc and M Tatsumoto 1966 Evaluation of
the 1sotopic composiuon of uranium and thonum in soil profiles
Geol Soc Am Buli 77 987-1004

Seed, JR KW Calitns CT Disley, FJ Miner andJ B Owen
1971 Commutiee evaluation of Pu levels i sois within and sur
rounding USAEC nstallauon at Rocky Flats Colorado RFP-INV
1 DOW Chemical Company Golden CO

ALMCke



